A series of centrifuge model tests has been conducted to investigate the behavior of a single pile behind a retaining wall that eventually fails due to soil excavation in front of the wall. All the piles are located at 3 m behind the wall where the soil experiences large shear strain ͑Ͼ2%͒. The induced bending moment and deflection on the pile as well as the soil and wall movements are monitored at regular intervals throughout the tests. It is found that the pile performance depends greatly on the degree of wall instability. After a critical excavation depth, active wedge slip plane and tension cracks developed in the vicinity of the pile. The limiting soil pressure profile deduced from the measured maximum induced pile bending moment profile is established to be much lower than that of a conventional laterally loaded pile. Using the measured soil movements at the pile location as the input data, the calculated pile bending moment obtained using an existing numerical model generally show fair agreement with the measured values when the back-analyzed limiting soil pressures acting on the pile are employed in the back-analysis. The practical implications of the findings are discussed in the paper.
Introduction
In the companion paper ͑Ong et al. 2005͒, a centrifuge model study has been carried out to investigate the behavior of a single pile due to excavation-induced soil movement behind a stable retaining wall in clay. Owing to time-dependent postexcavation soil and wall movements, the induced bending moment and deflection on the pile were noted to increase with time after the completion of excavation. The above findings are generally applicable to most practical cases whereby the retaining wall remains stable upon soil excavation. However, a good number of failures have been reported ͑for example, Finno et al. 1991͒ whereby the collapse of the retaining wall has caused severe damage to adjacent piles. It has been established that the pile behavior behind a stable wall in sand could be very different from that behind a collapsed wall ͑Leung et al. 2000͒ . In the present study, a series of centrifuge model tests has been performed to investigate the pile behavior behind a collapsed retaining wall in clay. The test results in terms of development of induced pile bending moments and deflections with excavation depth and time, in particular on the ratio of limiting soil pressure/undrained shear strength along the pile, are reported in this paper.
Centrifuge Model Test Series
The experimental setup and procedure of the present study are essentially the same as those employed in the stable wall study ͑Ong et al. 2005͒ . All the tests were conducted at 50g on the National University of Singapore geotechnical centrifuge. In subsequent discussions, all the test parameters and results are presented in prototype scale. Three centrifuge model tests were carried out, namely, Tests 5, 6, and 7. In all the tests, the pile is located 3 m behind the retaining wall. In order to induce significantly large wall movement upon excavation, either the soil excavation depth and/or the height of the soft clay is increased as compared to the earlier stable wall study ͑Ong et al. 2005͒ . Identical to the early tests, an appropriate portion of the soil in front of the model wall was removed at 1g and replaced by a latex bag containing zinc chloride ͑ZnCl 2 ͒ having the same density and height as the removed soil. During a centrifuge test, in-flight soil excavation is simulated by gradually draining ZnCl 2 from the latex bag. Fig. 1 shows a sketch of the test configurations and parameters of the three tests as well as those of Test 2 from the stable wall study ͑Ong et al. 2005͒ . By comparing the factor of safety against wall failure determined using the limit equilibrium analysis ͑Bolton and Powrie 1987͒, the retaining wall in Test 5 can be considered as marginally stable, the wall in Test 6 as unstable ͑collapsed wall͒, and the wall in Test 7 as very unstable resulting in a totally collapsed wall.
It should be noted that the present study involves a relatively simple case of a single free-head pile behind a retaining wall. The present study aims to provide a basic understanding of the pile performance behind a collapsed wall involving the simplest case first. In practice, the pile and loading conditions can be quite different that involve pile group, pile cap, ground beams, or wall with multiple strut supports. Such complex cases will be the subject of further studies. Fig. 2 shows the undrained shear strength profile of the clay obtained from a T-bar penetrometer test conducted in-flight at the pile location ͑3 m behind the wall͒ prior to and after soil excavation for Test 6. It is evident that an overconsolidated crust exists at the top of the clay layer and a significant reduction in the undrained shear strength is observed for the top 3 m of the clay after excavation. As discussed in the companion paper ͑Ong et al. 2005͒, the insertion of the T-bar penetrometer would inevitably push the soil towards the retaining wall. As there was no wall movement observed during the T-bar tests, it can be deduced that the T-bar gives reasonably sound measurements of undrained shear strength profiles.
Wall and Soil Deformations
The wall deflection profiles at different times for Tests 2, 5, 6, and 7 are shown in Fig. 3 . Fig. 3͑b͒ reveals that for Test 5, the wall deflection within the underlying sand layer is relatively small, illustrating the "key-in" effect of the wall in the underlying dense sand layer. The maximum wall defection of 0.5 m is 2.5 times that of 0.2 m recorded for Test 2. In Test 6, the wall is essentially "floating" entirely in the soft clay layer ͓Fig. 1͑c͔͒ and the whole wall tilts about the wall toe, as shown in Fig. 3͑c͒ . Test 7 involves the most severe case with the same wall embedment condition as that of Test 5 but a significantly larger excavation depth of 2.8 m. The wall key-in effect in the dense sand layer disappears when the excavation depth exceeds 1.4 m ͓Fig. 3͑d͔͒ resulting in a massive maximum wall deflection of 2.7 m at the ground level. Fig. 3 shows that at the same excavation depth of 1.2 m, the wall deflection profile obtained from Test 7 is significantly larger than that of Test 5 which is in turn considerably larger than that of Test 2. This observation differs from the expected situation in the field whereby for the same soil and wall conditions, the wall deflection is expected to be very similar for the same excavation depth. The differences in the wall deflection profile in the three tests are attributed to the use of ZnCl 2 to simulate the soil excavation in-flight. In Test 2, the ZnCl 2 in the latex bag has been completely drained upon reaching the maximum excavation depth of 1.2 m. When the excavation depth reaches 1.2 m in Test 5, there is 0.6-m high ZnCl 2 remaining in the latex bag while in Test 7, there is 1.6 m of ZnCl 2 left in the bag. As the ZnCl 2 below 1.2-m depth does not offer any shear resistance to the moving wall, the wall deflection is hence the largest in Test 7, followed by Test 5 and then Test 2. The writers believe that while such a shortcoming would cause discrepancies in the wall and pile responses in the intermediate excavation stages for the three tests, the results obtained at the maximum excavation depth for each test are valid and still useful for the understanding of pile responses behind a collapsed retaining wall.
In all tests, the tilted wall causes the clay behind the wall to settle and the ground settlement continues to increase over time after the completion of excavation, as shown in Fig. 4 . As the wall head in Test 7 has deflected by a massive 2.7 m, the ground surface settlements behind the wall are hence very large, with an observed maximum settlement of almost 1.6 m at 1.5 m behind the wall. For the stable and marginally stable wall cases ͓Figs. 4͑a and b͔͒, the gradient of the ground surface settlement trough close to the wall is not as significant as those observed for the collapsed wall cases ͓Figs. 4͑c and d͔͒. This can be attributed to the formation of failure wedge behind the wall for the latter cases.
Pile Responses
Fig . 5 shows the development of bending moment profiles with excavation depth and time for Tests 2, 5, 6, and 7. Owing to differences in the excavation depth and wall stability, the elevation of maximum bending moment varies with the highest elevation at 7.5 m depth for the stable wall case to the lowest elevation of 9 m depth for the totally collapsed wall case. Fig. 6 shows the variation of induced pile head deflection and maximum pile bending moment with logarithmic of time. The induced pile responses for the marginally stable wall ͑Test 5͒ are similar to that of the stable wall ͑Test 2͒ except the magnitudes of the former are considerably larger due to a greater excavation depth. However, the induced pile responses for the two collapsed walls are significantly different. Fig. 6͑b͒ shows that the maximum induced pile bending moment for Test 6 reaches a peak value of 238 kN· m at an excavation depth of 1.4 m, and then reduces to 185 kN· m at the maximum excavation depth of 1.8 m before further reducing to 80 kN· m after a postexcavation period of about 10 months. However, the pile head deflection ͓Fig. 6͑a͔͒ 6 . Development of maximum induced pile ͑a͒ head deflection and ͑b͒ bending moment during and after excavation remains practically unchanged for some time after the wall collapse. In Test 7 with a totally collapsed wall, the maximum induced pile bending moment remains fairly constant after reaching its first peak value at an excavation depth of 1.2 m and increases again once the excavation depth exceeds 2 m, as shown in Fig. 6͑b͒ . The pile head deflection over time shows a similar trend as the pile bending moment. Despite a greater excavation depth, the pile head deflection observed in Test 7 is less than that in Test 6 ͓Fig. 6͑a͔͒. This observation suggests that the underlying dense sand layer has restrained the lower part of the pile from severe movement and rotation during and after the wall collapse.
Evaluation of Pile Responses Due to Soil Movement
During the tests, photographs of soil markers were taken through the perspex window of the model container using a high resolution camera. Figs. 7͑a and b͒ show the photographs of side elevation of the experiment at the maximum excavation depth for Tests 5 and 6, respectively. By comparing the photographs against those prior to excavation using commercial computer software OPTIMAS, the soil movement vectors can be obtained and are also shown in Fig. 7 . It is noted that the soil deformation patterns for Test 5 are similar to those observed for Test 2 ͑Ong et al.
2005͒. For Test 6 involving a collapsed wall, massive soil movements are detected and tension cracks can clearly be seen in the soil behind the wall, as shown in Fig. 7͑b͒ . A photograph of the top view of the ground surface after Test 6 is shown in Fig. 8 . For clarity, the cracks on the ground surface are identified and marked on the figure. By comparing the cracks with the fissures observed around the pile in the stable wall study ͑Ong et al. 2005͒, it is evident that the soil movements around the pile behind a collapsed wall are far more severe. This illustrates that the threedimensional nature of the pile behavior is more significant behind a collapsed wall with an observation somewhat similar to the characteristic mesh of the deformed soil on a laterally loaded pile ͑Randolph and Houlsby 1984͒. Further inspection of the ground surface reveals that the top part of the cracks in between the pile and the wall have been covered up by clay suggesting a "soil flow" has taken place at the location. Fig. 9 shows a photograph of the side elevation of the experiment at the maximum excavation depth for Test 7. From the series of photographs taken at different periods, two stages of soil failure are noted. The first stage involves the development of tension cracks in front of the pile, similar to the observations described earlier for Test 6. It is believed that the tension cracks that develop in front of the pile could have reduced the soil-pile interface contact and this leads to a reduction in the transmission of full soil pressures onto the pile. Identical to the stable wall study ͑Ong et al. 2005͒, the ground water table remains above the ground level throughout the tests and the tension cracks are hence flooded with water. Fig. 6 reveals that for Test 7, the pile head deflection and bending moment remain fairly constant between 1.2 and 2 m excavation depths. It is postulated that during this stage, the increase in soil pressure due to increasing soil movement on the pile arising from increasing excavation depth is just about balanced by the reduction in soil pressure on the pile due to the development of tension cracks. Upon further soil excavation, the second failure stage commences as the tension cracks further propagate and the active failure wedge is then prominently developed resulting in very large soil movement in front of the pile. With this, the soil mass behind the pile starts to press onto the pile again and induces further deflections and bending moments on the pile. After the wall has completely collapsed, the entire failure wedge slides and separates itself from the remaining soil mass, resulting in a significant reduction in the induced pile bending moment and deflection. The vectors of significant soil movements in front and behind the retaining wall at the end of excavation for Test 7 are also shown in Fig. 9 . The formation of failure wedge in front of the pile is clearly evident as denoted by the longer soil movement vectors. As expected, the soil heaves in front of the wall upon wall collapse.
It is evident from Figs. 7 and 9 that for Tests 5, 6, and 7, there are significant soil movements behind the wall extending to and beyond the pile location. Following the same concept of shear strain used in the companion paper ͑Ong et al. 2005͒, it can be established that the soils at the pile location in the three tests all experience large shear strain ͑Ͼ2%͒. The free-field lateral soil movement profiles at the pile location can be derived from high resolution photographs of soil markers taken during the tests. The variations of pile head deflection and free-field soil movement at different depths at the pile location with time are shown in Fig. 10 . For Test 5 involving a marginally stable wall, the soil starts to move ahead of the pile when the excavation depth exceeds 0.9 m. For Tests 6 and 7 involving collapsed walls, the soil starts to move ahead of the pile at a relatively shallow excavation depth of 0.6 m, after which the difference between the soil and pile movements becomes more significant with increasing excavation depth. When the excavation depth exceeds about 1.0 m, relatively large free-field soil flow is observed by examining the photographs taken during the tests. This observation is consistent with the soil "flow" phenomenon observed in Fig. 8 . The devel- opment of tension cracks is thought to have prevented the transmission of additional soil pressures onto the pile and hence the drop in pile bending moment as noted in Fig. 6͑b͒ .
The pile deflection profile can be deduced from the pile bending moment profile using the same method employed for the stable wall study ͑Ong et al. 2005͒. Figs. 11͑a and b͒ show a comparison of lateral soil movement and pile deflection profiles, respectively, for Test 5. As the pile is significantly stiffer than the soil, the magnitude of pile deflections is much smaller than the corresponding soil movements. In addition, the two profiles are markedly different when the pile behaves as a rigid body having similar angle of rotation for the upper portion of the pile that is embedded in clay and very little deflection for the lower portion of pile that is embedded in the stiff sand layer. On the other hand, the lateral soil movements do not follow a smooth profile as the development of soil movements follows fairly closely with the propagation of the active wedge behind the wall due to increasing excavation depth. 
Numerical Back-Analyses
K h Ϸ E s = 150c u ͑1͒
Preexcavation Undrained Shear Strength
As a first attempt, the preexcavation undrained shear strength profile at the pile location of 3 m behind the wall is used as the input soil strength parameters in the back-analyses. The normalized limiting soil pressure coefficient P n is defined as the ratio of limiting soil pressure p y and c u . The following equation proposed by Poulos and Davis ͑1980͒ based on a modification of the work by Broms ͑1964͒ for the limiting soil pressure is used in the numerical model
where z is the depth below the ground and d is the pile diameter or width. Fig. 13 shows a comparison of the measured and calculated maximum induced pile bending moments and pile head deflection for Test 5. The maximum induced pile bending moment occurs at about 7.5 m depth, as shown in Fig. 5͑b͒ . There is a reasonably close agreement between the measured and calculated pile responses up to an excavation depth of about 1.8 m, after which the calculated pile bending moments and deflections overestimate the pile responses significantly when compared to the measured values. The calculated and measured pile responses for Test 6 ͑mea-sured peak pile responses at 1.4 m excavation depth͒ and Test 7 ͑measured pile responses at excavation depths of 1.2 and 2.8 m͒ plotted in Figs. 14 and 15͑a and b͒, respectively, reveal that the calculated pile bending moments are much larger than the measured values. The above findings are similar to those established in the back-analyses of single pile located in the soil region that has undergone large movement in the earlier stable wall study ͑Ong et al. 2005͒ and this confirms that the use of preexcavation undrained shear strength profiles in the numerical model using limit soil pressures conventionally used for laterally loaded piles would overpredict the induced pile bending moments when the magnitude of lateral soil movement is large. Fig. 2 shows that the undrained shear strength of the top soil had significantly weakened after excavation. In view of the overprediction of pile responses at large soil movements using the preexcavation undrained shear strength, the second attempt in the back-analyses is to employ the postexcavation undrained shear strength profiles as the input soil strength values. The calculated pile bending moments and deflections using the postexcavation strength profiles for Tests 5, 6, and 7 are also shown in Figs. 13, 14, and 15, respectively. It is evident that the agreement between the calculated and measured pile bending moments are considerably better. However, the calculated pile deflections are lower than the measured values. In practice, the accurate prediction of pile bending moment is the most critical issue as this concerns the structural capacity and integrity of the pile. The underprediction of pile deflection is probably due to the presence of tension cracks and the formation of active failure wedge in the tests ͓see Figs. 7͑b͒ and 9͔, which could not be modeled in the numerical analysis. The underprediction is especially severe for Test 7. Fig. 3͑d͒ clearly shows that after an excavation depth of 1.4 m in Test 7, the wall rotation in the underlying sand layer increases considerably implying a reduction in effectiveness of the wall key-in in the sand layer as the overall wall stability is compromised. This in turn causes translation of the wall as a rigid body, which could not be accounted for in the numerical analysis.
Postexcavation Undrained Shear Strength
The maximum soil pressures acting on the pile is likely to be reached at large soil movements. At this juncture, it is worthwhile to evaluate the actual magnitudes of soil pressures acting on the pile. The method of deriving the soil pressure profiles is the same used for the earlier stable wall study ͑Ong et al. 2005͒ . As an example, Fig. 16 shows the soil pressure profiles of Test 6 that are deduced from the corresponding bending moment profiles shown in Fig. 5͑c͒ . It is evident that the limiting soil pressures p y along Using the p y values derived from the experimental data for the three tests and the postexcavation undrained shear strength profiles, the variation of normalized limiting soil pressure coefficient P n with depth for the three tests can be derived and shown in Fig. 17͑a͒ . It is noted that the back-analyzed P n value increases from zero at the ground surface to a maximum value of around 8 at about 2.5 m depth. The theoretical P n values determined using Eq. ͑2͒ are also plotted in Fig. 17͑a͒ for comparison. It is evident that the theoretical and back-analyzed P n values are reasonably close. This verifies that the postexcavation undrained shear strength values should be adopted in order to obtain a more accurate prediction of induced pile bending moments. This is theoretically correct since the failure mechanism of the soil around the pile remains the same but now since the soil has experienced a reduction in the shear strength due to stress relief, this reduced strength should be used in the analysis.
Preexcavation Undrained Shear Strength with Back-Analyzed Limiting Soil Pressure
In most practical situations or in design, the postexcavation undrained shear strength profiles are not available. In view of this, the back-analyzed P n values with respect to the preexcavation undrained shear strength profiles for the three tests are also determined and shown in Fig. 17͑b͒ . As expected, the back-analyzed P n values are much lower than the theoretical P n values shown in Fig. 17͑a͒ . An envelope of limiting P n values is hence plotted and indicated by the dashed line in Fig. 17͑b͒ . The maximum backanalyzed P n value is about 6. The above finding illustrates that the reduction of P n from a value of 9 for conventional laterally loaded piles to a lower value of 6 for piles subject to excavation-induced soil movements is attributed to the reduction in the undrained shear strength upon excavation. Although this value of 6 was derived based on back-analyses of the present centrifuge results, it may be applicable for situations where the soil has undergone large movement due to stress relief during excavation or landslide. Some evidence of the latter may be seen in an earlier study ͑Maugeri et al. 1994͒.
The third and final attempt in the back-analyses is to employ the preexcavation undrained shear strength profiles but adopting the envelope of P n values deduced from Fig. 17͑b͒ . The calculated and measured pile bending moments and deflections for Tests 5, 6, and 7 are compared and shown in Figs. 13-15, respectively. The fairly close agreement between the calculated and measured pile responses reveal that the use of preexcavation undrained shear strength with reduced limiting soil pressure would provide reasonably good prediction of the pile bending moment. The limiting soil pressures on the pile are reached upon large soil movements. It should also be noted that the calculations obtained using the postexcavation undrained shear strength profile and preexcavation undrained shear strength profile with reduced P n values are identical. This is as expected as the two approaches essentially use the same back-analyzed limiting soil pressures.
Figs. 17͑a and b͒ show that P n is positive in magnitude above 5 m depth and becomes negative below 5 m depth. This change of sign physically means that above 5 m depth, the soil moves more than the pile while below 5 m depth, the pile moves more than the soil. This can be verified by comparing the free-field soil movement profiles shown in Figs. 11͑a͒ and 12 against pile deflection profiles shown in Figs. 11͑b͒, 14͑b͒ , and 15͑b͒.
It can be concluded from the above back-analyses that the commonly adopted P n value of 9 is applicable when postexcavation undrained shear strength profile is used. However, if only preexcavation undrained shear strength profiles are available, an appropriate reduction in the P n value should be adopted in order to obtain a more accurate prediction of pile bending moment behind an excavation with large soil movements. In the present study, the maximum normalized limiting soil pressure/undrained shear strength ratio is established to be about 6. However, such a value may only be appropriate for the present test configuration and the magnitudes for other configurations need to be established from further studies.
Conclusions
A series of centrifuge model tests has been conducted to investigate the performance of a pile behind retaining walls having various degrees of instability. The findings that are useful to engineering practice are highlighted as follows. 1. Behind an unstable retaining wall, the extent of significant soil deformation zone extends to about 3.5 m behind the wall and is much larger than that behind a stable wall. Owing to stress relief during excavation, the postexcavation undrained shear strength within this zone is much lower than the preexcavation undrained shear strength. 2. The wall and soil would continue to move with time after completion of excavation and this time-dependent effect becomes more prominent with increasing excavation depth or decreasing wall stability. However, for tests experiencing wall collapse, the pile bending moment would start to reduce even before the excavation has been completed. 3. An existing numerical model is used to back-analyze the pile bending moments and deflections obtained from the centrifuge tests. a. The conventionally adopted normalized limiting soil pressure/undrained shear strength of 9 ͑Poulos and Davis 1980͒ is applicable when postexcavation shear strength is used. In such a case the calculated and measured induced pile bending moments are in reasonably good agreement. b. If the preexcavation undrained shear strength is the only soil strength parameter available as in most practical cases, an appropriate reduction for the normalized limiting soil pressure coefficient needs to be applied in the numerical analysis in order that the induced pile bending moment could be reasonably well predicted.
The results of the present study reveal that the limiting soil pressure/undrained shear strength ratio for piles subject to excavation-induced soil movement is lower than that for conventionally laterally loaded pile. For the soil, wall, and pile conditions understudy, the ratio is established to be about 6.
